A B S T R A C T Micropuncture studies were carried out in the rat to evaluate the in situ distensibility characteristics of the proximal and distal tubules under a variety of experimental conditions. In the first phase, we determined the response of tubular diameter (D) Received for putblicationt 9 Janitar 107?3 anid ill revised formii. 17 April 1973. subsequent experiments in which furosemide was administered, we observed that the pressure-diameter relationships for both the proximal and distal tubule were indistinguishable from the compliance curves, a finding consistent with the interpretation that interstitial pressure was not appreciably changed from control. By contrast, when mannitol was administered, both proximal and distal tubular pressure-diameter relationships were significantly altered in a fashion consistent with a large increase in interstitial pressure. Neither with furosemide nor mannitol administration did it appear likely that significant changes in tubular compliance could account for the observed behavior of the tubule.
A B S T R A C T Micropuncture studies were carried out in the rat to evaluate the in situ distensibility characteristics of the proximal and distal tubules under a variety of experimental conditions. In the first phase, we determined the response of tubular diameter (D) to changes in tubular pressure (P) induced by partially obstructing single tubules. The response observed uncder these conditions (i.e., when interstitial pressure is presumed to be constant) has been defined as the comnpliancc of the tubule. Over the range of tubular pressures studied (10- 35 mm Hg for the proximal tubule, 5-25 mm Hg for the distal tubule) the compliance characteristics of the proximal and distal tubule were found to be markedly different; the proximal tubular pressure-diameter relationship was linear, AD/AP =0.45 gm/mm Hg, whereas the distal pressure-diameter relationshiip was 
INTRODUCTION
Recent evidence suggesting that intrarenal pressures play an important role in transtubular ion movement has created a renewed interest in the relationship between tubular function and the physical properties and anatomical characterstics of the tubular epithelium (1, 2) . Although the response of renal tubular structures to changes in pressure has become a matter of considerable interest, little is known about the in situ response of tubular diameter to increases in tubular pressure. In the first phase of the present study we by partially blocking single tubules. This relationship, which we have defined as tubular compliance, was found to be notably different for the proximal and distal tubules.'
In the second phase of the study, we have used these compliance curves to construct a series of theoretical pressure-diameter relationships defining the anticipated behavior of tubular diameter if interstitial as well as intratubular pressure were increased. These theoretical curves indicate that changes in distal diameter should provide a sensitive indicator of increases in interstitial pressure under conditions in which the transtubular pressure gradient is increased by a small amount, but that proximal diameter should be more sensitive to increases in interstitial pressure under circumstances in which the transtubular pressure gradient is large. Subsequent observations during mannitol and furosemide diuresis, when analyzed within the framework of these theoretical curves, were consistent with the interpretation that interstitial pressure did not increase appreciably during furosemide diuresis but that it increased markedly during mannitol diuresis. The data also strongly suggested that drug-induced changes in compliance could not reasonably be invoked to account for the observed pressure-diameter relationships.
METHODS
All studies were performed on male Charles River rats (200-300 g) (Charles River Breeding Laboratories, Inc., Wilmington, Mass.) fed a standard rat diet and allowed water ad lib. After being anesthetized with Inactin 80-90 mg/kg intraperitoneally, the animal was prepared for micropuncture as described previously (3), except that the ureter was catheterized with a PE50 rather than a PE10 catheter.
Upon completion of surgical preparation, all animals were required to meet the following criteria, or the experiment was discontinued: (a) Blood pressure greater than 95 mm Hg, (b) body temperature between 36-380C, (c) urine free of gross blood, (d) transit time (by method of Steinhausen [4] ) less than 13 s with dye flowing evenly to all areas of the kidney and with no retention of dye in the tubules.
If the above conditions were met, 25 ,uCi of [14C] inulin was given as a bolus, and [14C] inulin was added to the sustaining infusion in sufficient concentration to deliver 25 ,uCi/h. After a 30 min equilibration period, the experimental protocols described below were begun.
Experimental protocols
The effect of increased intratubular pressure upon tubular diameter was studied in the antidiuretic state in one series of experiments ("partial blockade studies") and in two high flow states in a second series of experiments ("diuretic 1 As we shall point out later, because the proximal and distal tubules were necessarily studied over a different range of pressures, the difference in compliance observed for these two segments of the nephron does not necessarily imply a difference in their inherent distensibilities. studies"). The two experimental protocols are described in detail below.
Partial blockade studies. In these experiments, increases in intratubular pressure were induced in single proximal or distal tubules by means of a castor oil block. The infusion begun during surgical preparation (5% mannitol in 0.5% saline) was discontinued when surgery was completed, and an infusion of 0.5%o saline was given at 1.7 cm3/h for the remainder of the experiment.
Single tubules were studied in the following manner: Resting intratubular pressure was measured and the pressure-measuring pipette was left in place. Lissamine green dye was then infused into the tubule through this pipette and photographs were taken (the details of the techniques will be described later. given as a bolus, and then continuously infused in 0.7% saline at a rate of 50 mg/kg/h. In 1oth experimenital periods, a 20 min equilibration period was allowed before pressure and diameter measurements were made.
During the two diuretic periods (in both the maninitol and furosemide experiments), urinary losses of fluid and electrolyte were quantitatively replaced in order to minimize changes in extracellular fluid volume. To approximate the sodium content of urinary losses indluced by each agent, 0.5% saline was used for replacement in the mannitol experiments and 0.7%s salinie in the furosemide experimenlts. Data from an animal were accepted only if the fluid halance (total infusion minus urine flow for the two kidneys) 2 for the entire 4-5 h experiment was 0-6 cm3 positive. This slightly positive fluid balance was allowed to account f or insensible losses. The mean cumulative fluid balance was +4 cm3 for the furosemide experiments and +3 cm3 for the mannitol experiments.
Techniques and analytical methods
Proximal and distal tubular pressures were measured by a modification of the technique of Gottschalk and Mylle (5) 'Urine flow of the two kidneys was estimated by doublinmeasured single-kidney flow. To examine whether this extrapolation was justified, urine flow rate, U/P inulin ratio, and GFR were measured for both the micropunctured kidney and the control kidney in four rats (two with mannitol and two with furosemide); no difference between the two kidneys was observed.
described previously f roml our laboratory (3) . ['4C1 Inulin activity in plasma and urine was measured as previously described (6).
7 lubular diameter mcasturemitents. Photographs of the kidniiey surface were taken on higb-speed Ektacbrome film at X 40 magnificationi utilizing one ocular of a Leitz stereo mlicroscope (E. Leitz, Inc., Rockleigh, N. J.). The field was illuminated with a sy-nchronized Zeiss Ukatron 60 Flash attachment (Carl Zeiss, Inc., Newv York). The photographs for diameter measurement X-ere taken after intratubular lissamine green inj ectioIn in the partial blockade experiments, and after intravenous lissamine green injection in the diuretic experiments.
Iiltratubular methlod (partial blockade stuidics). A 17% lissamine green solution was infused into individual tubules by increasing the pressure in the pipette above the intratul)ular pressure until dye began to flow into the tubule. To minimize any intratubular pressure chainges that might occur with lissamine green inljection, the pipette pressure was then rapidly low-ered an(l the pictures were taken at a time when the pilette pressure was approximately equal to the intratubular pressures. Photographs w,ere Inot used for diameter measurements unless the pressure in the pipette at the time of picture-taking was within 5 mm Hg of the intratubular pressure. In actuality, the mean pipette pressure was 0.9 mm Hg above the initratubular pressure for the proximal tubule and 0.5 mm Hg above the intratubular pressure for the distal tubule.
Intravenous method (diuretic sttudies). After the intravenous injection of 0.05 cm3 of a 10%o lissamine green solutioni, photographs were taken of dye-filled proximal and distal tubules. Siince suirface distal tubules are much less numerous than proximal, an attempt was made to photograph several different areas of the kidney surface after each injection. If the same distal tubule was photographed more than onice, it was only measured in the first frame.
Tec1hniique of measurc)ncut. The photographs were projected on a white cardboard screen witlh the projector kept a standard distance from the screen. Each roll of film included a photograph of a stage micrometer taken at the same magnification as the photographs of the kidney surface. All tubular diameters were arbitrarily measured as the width of the intratubular green-dye column. The diameter measurements w-ere carried out by a team of two observers who had Ino kniowledge of which experiment or whiclh experimental period they were measuring. The diameters were measured by one observer, Usilng calipers; the second observer recordled the caliper width. A 50 Ium segment of the stage micrometer was also measured and recorded for conversion of the diameter measurements to micrometers. O(ne-quarter of all the diameters were remeasured by a team of two observers brought in from outside the laboratory. Their measurements were compared with the first group's measurements and no significant differences were noted.
Proximal tulules wvere measured in the followinig manner:
In the intravenous injection series, each clearly-focused. dye-filled tubular loop w-as measured if the borders vere roughly parallel for at least 1 diam width. In the intratubular injection series, a measurement was made in each segment of the dye-filled loop if its borders were roughly parallel. Loop segments containing a pipette were not measured.
Distal tulelblcs were measured in the following manner: In the intravenous in;jection series, the widths of dye-filled tubules were measured in the same maniner as were the 2332 Cortell, Gennari, Davidman, Bossert, and Schwartz l .0 . A proximal tubules except that in those tubules with irregular borders, measurements were made both at the narrowest 5C and widest places where the borders were roughly parallel; these two measurements were averaged. In the intratubular 4.c injection series, each loop was measured in two to three places, including the narrowest and the widest areas. No ' In one tubule in which intratubular pressure increased by 5 mm Hg, a negative value was obtained for AD/AP; this value was found to be an outlier variant (P <0.01) and was discarded (7) .
'Throughout this paper the term "significant" will indicate a P value of less than 0.01. In the lower portion of Fig. 2 , both the control and "partial blockade" values for tubular diameter are plotted against tubular pressure. From this representation of the data, it can be seen that small increases in intratubular pressure above control were associated with large changes in tubular diameter and that progressively larger changes in pressure were associated with ever smaller additional increments in tubular diameter. On the basis of this pattern of diameter change, we have chosen an exponential function defining an asymptotic regression to represent the relationship between distal tubular diameter and pressure. It should be pointed out, however, that the shape of the resulting curve will be closely similar whether an exponential function or a quadratic or higher-power polynomial function is used to represent the data. In the equation for the exponential function, D = C -1/A X eAxP+B, the values for A, B, and C were calculated for our data points using a computer-based nonlinear least-squares search. Fig. 3 . The mean value, 0.10 Mm/mm Hg, was significantly less than the mean for AD/AP observed for the proximal tubule in the partial blockade studies (left-hand panel of Fig. 3 Al/min, mean U/P inulin ratio was 378+31, and the mean GFR was 13.7±0.6 cm3/min/kg for two kidneys. During mannitol diuresis, the mean urine flow rate after equilibration was 178 Al/min in the low-dose period and increased significantly to 497 il/min in the high-dose period. During furosemide diuresis, the mean urine flow rate was 325 ul/min in the low-dose period and increased significantly to 562 Al/min in the high-dose period. No significant changes in GFR were noted after the administration of either agent. It is noteworthy that during mannitol diuresis, distal pressure increased significantly as urine flow increased, whereas during furosemide diuresis no increase in distal pressure was noted after an increase in urine flow of similar magnitude. Expressed quantitatively, distal tubular pressure increased by 0.032 mm Hg/Al increase in urine flow (P < 0.01) during mannitol diuresis whereas no significant correlation was noted between distal pressure and urine flow during furosemide diuresis.
DISCUSSION
The present study has characterized the response of tubular diameter when tubular pressure was varied widely by partially blocking single tubules ini situt, that is, under conditions of presumed constancy of interstitial pressure. We have defined the slope of the resultanit relationship between tubular pressure and diameter (AD/AP) as the comlpliance of the tubule. As illustrated in Figs. 1 and 2 , the compliance characteristics of the proximal and distal tubules were markedly different. Proximal tubular diameter increased as a linear function of the increase in tubular pressure, AD/AP 0.45. In contrast, the distal tubular pressure-diameter relationship was curvilinear, tubular diameter virtually doubling after a 5 mm Hg increase in tubular pressure and then increasing by ever smaller increnlents wvith progressively larger increases in tubular pressure.'
The compliance characteristics of the distal tubule provide strong evidence that in the anitidiuretic state interstitial pressur-e is less than distal tubular piressure. ' It should be noted that the difference in proximal and distal tubular compliance after small increases in the transtubular pressure gradient (e.g. 5 mm Hg) does not necessarily imply a difference in inherent tubular distensibility. If, as seems highly probable, interstitial pressure is approximately 6 mm Hg in the antidiuretic state (see subsequent discussion in text), it follows that the proximal transtubular pressure gradient before blockade (6 mm Hg) is already 5 mm Hg greater than the distal transtubular pressure gradient. Thus, the range of transtubular pressures over which the largest change in distal diameter occurred, i.e., 1-6 mm Hg, cannot be examined for the proximal tubule. In the absence of such observations for the proximal tubule one cannot decide w-hether or not the inherent distensibility characteristics of the tw-o segments of the nephron are di fferent. 2336 Cortell, Gennari, Davidman, Bossert, and Schwart;z i.e., less than 7 mm Hg. Given that the distal tubule dilates so readily after a small increase in the transtubular pressure gradient, it seems extremely unlikely that it would become rigid (i.e., not collapse) if the pressure outside were greater than the pressure inside. It is therefore difficult to reach any conclusion but that resting interstitial pressure must be less than distal intratubular pressure. This interpretation is consistent with recent estimates based upon subcapsular measurements of hydrostatic pressure that indicate a value for resting interstitial pressure of 6 mm Hg (8) .
The compliance characteristics of the distal tubule also suggest that in certain settings distal diameter should be highly sensitve to changes in interstitial pressure. The predicted effect of a wide range of theoretical increases in interstitial pressure on the relationship between distal tubular pressure and diameter is illustrated in the lower panel of Fig. 6 . The solid line in the panel was taken from the experimental measurement of tubular compliance7 and represents the relationship of tubular pressure to diameter when interstitial pressure remains constant. The dashed lines represent the predicted tubular pressure-diameter relationships if interstitial pressure were increasing by a constant percentage of the increase in tubular pressure (as indicated on the right-hand side of the figure).
As would be anticipated from the curvilinear nature of the distal tubular compliance curve, the sensitivity of distal diameter to changes in interstitial pressure is greatest with small changes in the transtubular pressure gradient and decreases markedly as the transtubular pressure gradient increases. Thus, it is apparent that distal diameter should be highly sensitive to changes in interstitial pressure in any setting in which tubular pressure is increased by a small amount. The sensitivity of distal diameter in such a setting is illustrated by a consideration of points A and A' in Fig. 6 . In this example, in which tubular pressure is assumed to increase by 5 mm Hg, a detectable shift in tubular diameter (2 1m) away from the compliance curve (from point A to point A') would be predicted to occur if in tubular pressure of greater than 10 mm Hg, it is evident that a detectable shift in distal diameter away from the compliance curve would occur only if interstitial pressure were increased by greater than 50% of the increase in tubular pressure. By contrast, the proximal tubule (upper panel of Fig. 6 ) should be useful in detecting relatively small increases in interstitial pressure even when tubular pressure is increased by more than 10 mm Hg. Because of the linear nature of proximal tubular compliance, a detectable shift in diameter (2 um) away from the compliance curve would be predicted to occur whenever interstitial pressure is increased by 4-5 mm Hg.
If, on the other hand, interstitial pressure is increased by a large amount, obviously both proximal and distal diameter should readily detect the change. However, distal diameter should provide a more precise estimate of the change when the increase in interstitial pressure is almost as large as the increase in have had to alter both proximal and distal tubular comipliance in a fashion so as to nearly exactly counterbalance the change in interstitial pressure; such behavior seems extremely improbable in view of the very different structure and different compliances of these two portions of the tubule. Second, the effect of furosemide upon tubular compliance would have had to have been independent of dosage since a fivefold increase in the quantity of furosemide administered had no notable influence on the response of tubular diameter.
The pressure-diameter relationships during mannitol diuresis were, in contrast to furosemide, consistent wvith a considerable change in interstitial pressure (Figs. 3  and 4 ). As shown in Table I , in the studies with mannitol in wlhich tubular pressure was increased by 3-8 mm Hg, distal tubular diameter changes were consistent wvith a concomiiitant increase in interstitial pressure of 3-5 Imm Hg; in the studies in wliclh tubutlar p)ressure was increase(l by 12-15 mm Hg, distal diamiieter chaniges wvere conisistent wvith a concomitant increase in inlterstitial pressure of 7-10 mIm Hg. It is notewvorthy that in both the low-pressure and high-pressure experiments, the estimated increase in interstitial pressure was approximately 70%, of the increase in tubular pressure.
The data from the proximiial tubule, although much less precise, indicate a rise in initerstitial pressure of similar magnitude (Table I) .
With mannitol administration, as in the case of furosemide, it seems highly improbable that the results were significantly influenced by an alteration in tubular compliance. To account for the experimental findings by a change in compliance, one would have to nmake the unlikely postulation that mannitol at each dosage level altered both proximal and distal tubular compliance in such a way as to fortuitously mimic a uniform and proportionate increase in interstitial pressure. 8 A comparison of estimated collecting-duct resistance in the two diuretic states also stronglv suggests that interstitial pressure increased more during mannitol than during furosemide administration. Resistance to flow through the collecting ducts (R) can be calculated from the equation, R = AP/F, wvhere AP is the pressure gradient across the collecting ducts and F is the flow through the collecting ducts. The pressure gradient across the collecting ducts (AP) can be taken as equal to distal pressure since pelvic pressure is less than 1 mm Hg (3). Flow through the collecting ducts (F) during the high-dose diuretic periods can be taken as equal to urine flow given that, at the observed high rates of urine flow (greater than 10% of GFR), collecting duct reabsorption is negligible. When the equation is solved using these values, collecting-duct resistence is found to be almost 50% greater during mannitol than during furosemide diuresis. This difference in behavior indicates that collecting-duct diameter increased less and (assuming no drug-induced changes in compliance) that interstitial pressure increased more with mannitol than with furosemide administration.
A similar comparison of the estimated resistance to flow through the loop of Henle in the two diuretic states also provides support for the interpretation that interstitial pressure increased more with mannitol diuresis than with furosemide diuresis. However, we are less confident of this interpretation than in the case of the collecting duct, since our estimate of flow through the loop is much less precise. As shown in Fig. 5 , the pressure gradient across the loop of Henle decreased significantly as distal pressure increased during furosemide diuresis but not during mannitol diuresis. If one assumes that during administration of each drug proximal tubular water reabsorption was decreased by an approximately equal amount (9, 10) and that loop vater reabsorption was roughly the same, we can reasonably conclude that loop resistance was significantly greater (and interstitial pressure higher) during mannitol than during furosemide administration. In fact, even if the increase in loop flow during furosemide diuresis was only half as large as during mannitol diuresis, we would still be forced to the interpretation that loop resistance and interstitial pressure were greater during mannitol administration.
Finally, we should point out that the compliance characteristics of the tubules, through their influence on cellular configuration, may well play a significant role in determining ionic permeability at various tubular and peritubular pressures. Boulpaep (1) has recently suggested that changes in the permeability of the proximal tubule to sodium and raffinose during saline diuresis are mediated through changes in the size and shape of the lateral intercellular spaces, a view supported by anatomical studies both in Necturus and in the rat (11, 12) . Similar changes in the permeability characteristics of the proximal and distal tubule have been observed by other investigators in a variety of settings associated with increased tubular and peritubular pressure (13, 14) . Given this background, it seems reasonable to suggest that a systematic examination of the interrelationships between tubular compliance, tubular anatomy, and transepithelial ionic permeability should lead to greater insight into the control of net ion movement. ACKNOWLEDGMENT This work was supported in part by Grant HE759 from the National Heart and Lung Institute, National Institutes of Health.
